Tyrosinase (monophenol, o-diphenol : oxygen oxidoreductase, EC 1.14.18.1) is a binuclear copper enzyme, which is fairly ubiquitously distributed throughout organisms, and is known to play an important role in melanin synthesis. [1] [2] [3] [4] Tyrosinase has been demonstrated to catalyze the hydroxylation of phenols to catechols, as well as the oxidation of catechols to quinones. The active site of tyrosinase consists of two copper ions, each coordinated by histidine residues within the active sites. These two coppers are known to be essential for the catalytic activities of this enzyme.
Therefore, the chelation of copper ions in this enzyme by flavonoid compounds or any other agents has been targeted as a strategy for the attenuation of tyrosinase activity, an objective relevant to cosmetic concerns, darkening problems in agricultural products, and certain medicinal reasons. [8] [9] [10] [11] [12] [13] [14] Melanin pigments are synthesized by melanocytes, and are deposited throughout the epidermis. This process determines skin color. [15] [16] [17] [18] Tyrosinase is involved in two different ratelimiting steps in melanin synthesis; namely, the hydroxylation of tyrosine to 3,4-dihyroxyphenylalanine (DOPA), and the oxidation of DOPA to dopaquinone. 19) The abnormal accumulation of melanin pigment can induce hyperpigmentations, such as freckles, melasma, and senile lentigines. These symptoms have responded, in the past, to treatment with depigmenting agents, including hydroquinone, ascorbic acid derivatives, retinoids, arbutin, and kojic acid. In particular, kojic acid (5-hydroxy-2-hydroxymethyl-4H-pyran-4-one) is a copper-chelator, which has been used as a cosmetic agent in skin-whitening formulations. 20) However, safer and more effective depigmenting agents are clearly needed, as kojic acid is not only carcinogenic, but its associated whitening effects are also somewhat weak. 21, 22) We have, in previous studies, applied several copper-specific chelating agents to mushroom tyrosinase, in an effort to screen an effective inhibitor, with the strategy of copper chelation at the active enzyme site. 23) Among these compound, ammonium tetrathiomolybdate (ATTM) has been shown to exert a significant inhibitory effect, as compared to the effect of other tested substances. In this study, we have attempted to characterize the effects of ammonium tetrathiotungstate (ATTT) on tyrosinase. ATTT has been identified as an effective decoppering reagent for copper storage-related diseases in both rats and sheep. 24, 25) However, the kinetics of its inhibition in copper-containing enzymes has been the subject of only minimal exploration. Thus, we have attempted to evaluate the inhibition kinetics of tyrosinase by ATTT. Our kinetic studies revealed that ATTT was capable of the inactivation of tyrosinase in vitro. We have also verified the inhibitory effects of ATTT on tyrosinase in human melanocyte cells, as compared with those evidenced by other known inhibitors.
Experimental
Materials Mushroom tyrosinase, L-DOPA, kojic acid, and hydroquinone were purchased from Sigma. ATTT was obtained from the Aldrich Chemical Co.
Mushroom Tyrosinase Activity Assay The L-DOPA oxidation activity of mushroom tyrosinase was evaluated via measurements in the increase in absorbance at 492 nm, according to a method employed in a previous study. 9) In this evaluation, the reaction was initiated via the addition of the mushroom tyrosinase at a final concentration of 33.3 nM (4.0 mg/ml) to a 200 ml solution containing specified concentrations of L-DOPA and ATTT in 50 mM sodium phosphate buffer (pH 7.0). This reaction was conducted under a constant temperature of 25°C, and the changes in absorbance were measured using a SPECTRA max PLUS spectrophotometer (Molecular Devices, Sunnyvale, CA, U.S.A.). The substrate-reaction progress curve was then analyzed by fitting to a single exponential followed by a linear phase (as shown below) in order to delineate the burst kinetics;
in which P(t) is the product concentration at time t, Amp is the burst amplitude, k 1 is the rate constant of the burst phase, and k 2 is the rate constant of the linear phase. Kinetic Analysis For the kinetic analysis, the complexing type of twostep inhibition pathway, which was derived from the method reported previously, [26] [27] [28] was applied, in which the following minimal mechanism was used (Scheme 1). 
Scheme 1
E and E · ATTT represent tyrosinase and the complex formed by the fast and reversible association of tyrosinase and ATTT, respectively. E · ATTT has not yet been inactivated, but undergoes a slow conversion to form inactivated tyrosinase, E*. k on is the bimolecular association rate for the formation of E · ATTT, and k off is the dissociation rate of the E · ATTT complex, whereas k ϩ1 and k Ϫ1 represent the forward and backward rate constants of the inactivation step. The inactivation rate of tyrosinase at time, t, is given as: (2) in which [E 0 ] is the total enzyme concentration, and A and B, the apparent rate constants for the inactivation and reactivation, respectively, are expressed as follows; (3) The equilibrium binding constant for the inhibitor, K I , equals k off /k on . The product formation can be written as follows: (4) in which [P] t is the product concentration formed after reaction time, t. v is the initial rate of reaction in the absence of the inhibitor.
Intrinsic Protein Fluorescence Measurement The fluorescence emission spectra were measured with a spectrofluorometer (JASCO FP-750) using 1 cm path-length cuvette. The enzyme (10 nM) was incubated at different ATTT concentrations at 25°C for 30 min before the fluorescence measurement. For the tryptophan fluorescence measurement, an excitation wavelength of 280 nm was used, and the fluorescence emission was monitored at wavelengths between 300 and 420 nm.
Dilution of Inhibitor with Dialysis
The mushroom tyrosinase (33.3 nM) was incubated for 1 h in 50 mM Tris-HCl buffer (pH 7.0), in either the absence or presence of 100 mM ATTT, at 4°C. The enzyme solution was then dialyzed in the same buffer, in either the presence or absence of CuSO 4 (0.2 mM), CuSO 4 (1 mM), CuCl 2 (1 mM), MgCl 2 (1 mM), MnCl 2 (1 mM) or ZnCl 2 (1 mM), at 4°C. The dialysis buffers were replenished every 2 h during the 6 h allowed for the entire reaction. After dialysis, the tyrosinase solution was removed, and the enzyme activity of L-DOPA oxidation was determined as described above. As a control, the mushroom tyrosinase, which had been incubated without ATTT, was also dialyzed and assayed under identical conditions.
Human Primary Melanocyte Culture and Lysate Preparation Human melanocytes were purchased from the Modern Tissue Technologies Inc. The cells were grown in 154 medium (Cascade Biologics) supplemented with HMGS (Cascade Biologics) and antibiotics (penicillin/streptomycin), in a humidified atmosphere containing 5% CO 2 in air at 37°C. The cells were lysed with 0.05 M sodium phosphate at a pH of 7.0, 0.5% Triton X-100, and 0.1 mM PMSF. After sonication (20% amplitude for 1 min, Sonics and Material Inc.) and 10 min of centrifugation at 20000ϫg at 4°C, the protein contents of the resulting supernatants were determined using a BCA kit, and the supernatant was employed in a tyrosinase activity assay, conducted in the presence of inhibitor.
Results and Discussion
Inhibitory Effect of ATTT on the Activity of Mushroom Tyrosinase Previously, we observed that the sulfurconjugated molybdate compound proved an effective enzyme inhibitor. 23) As a result of this finding, in this study we tested another compound, ATTT, for its potential effects as an enzyme inhibitor, in which the tungstate ion is coordinated with sulfur rather than molybdate.
The time-course, in which the substrate was oxidized by tyrosinase in the presence of different ATTT concentrations, was recorded, as shown in Fig. 1 . At each concentration of ATTT, burst kinetics of product formation was exhibited with increasing time until a straight line was apparent, which shows a steady state of enzyme reaction. The ATTT-mediated inhibition of the enzyme was found to occur in a concentration-dependent manner, as is shown in Fig. 1 . As the concentration of ATTT increased, residual enzyme activity declined. However, it was never suppressed completely. The burst kinetic behavior of the enzyme activity in the presence of ATTT revealed that ATTT slowly but reversibly inactivated mushroom tyrosinase, with a fractional residual activity remaining after the achievement of a steady state. Thus, the observed inactivation kinetics suggests that copper ions at the active site of mushroom tyrosinase are chelated specifically by ATTT in a dose-dependent manner. Enzyme activity was almost abolished in the steady-state when the ATTT concentration reached 50 mM (Fig. 1) . Inactivation Kinetics of ATTT on the Activity of Mushroom Tyrosinase In order to determine in detail the kinetic pathway by which ATTT effected the inactivation of mushroom tyrosinase, the time courses of the enzyme reaction observed at different ATTT concentrations were analyzed by fitting to the burst equation (Eq. 1). As is shown in Fig. 1 , the kinetic data fit nicely with the burst equation. By equating Eq. 1 and Eq. 4, the apparent inactivation rate (A in Eq. 2 and Eq. 3) could be obtained using the fitting parameter of the burst equation (k 1 in Eq. 1). Thus, the fitting parameter (k 1 ) of the burst equation is used to establish the apparent forward inactivation rate constant at each of the inhibitor concentrations. The A values were plotted at increasing ATTT concentration points. The A values were found to be dependent on the ATTT concentrations, with a hyperbolic relationship ( Fig.  2A) . This indicates that the inhibitor binds reversibly to the enzyme, and subsequently inactivates the enzyme via a slow conformational change. An increase in [ATTT] resulted in both an increase in the inactivation rate ( Fig. 2A) and a decrease in the residual activity, as can be seen by the slopes of the straight-line portions of the progress curves (Fig. 1) , which falls under the rubric of slow-binding reversible inhibition kinetics.
26) The microscopic rate constant inherent to the reverse inactivation of the enzyme (k Ϫ1 ) was measured as 2.3ϫ10 Ϫ3 s Ϫ1 via the extrapolation of the ATTT concentration to zero, which is the point of intersection at the ordinate of Fig. 2A . According to Eq. 3, the hyperbolic fit provided an equilibrium dissociation constant of E · ATTT (K I ), and a forward rate inactivation constants (k ϩ1 ) of 19.5 mM and 6.2ϫ10 Ϫ3 s
Ϫ1
, respectively. Because the time-course of the ATTT-mediated inhibition of tyrosinase activity exhibited biphasic kinetics (Fig. 1) , the inhibition of the enzyme by copper-chelating ATTT exhibited a pattern of reversible binding to the active site, subsequently induces a slow conformational change of the enzyme into an inactive state. Thus, the analysis of the initial slopes of the inhibition time-course during the early phase may provide a bimolecular rate of inhibitor binding to the enzyme, k on . The first derivative of the burst equation with the fitting parameters acquired at time zero provided the initial earlyphase slope, and initial slopes at different ATTT concentrations were plotted against [ATTT], as is shown in Fig. 2B . Increases in [ATTT] resulted in declines in the substratereaction rates during the early phases, characterized by a negative slope (Fig. 2B) . The slope of the linear fit was 2.31ϫ10 Ϫ3 s
, reflecting the rate at which the inhibitor binds to the enzyme. The bimolecular rate of ATTT binding (k on ) was determined to be 6.9ϫ10 4 
M

Ϫ1 s
Ϫ1 via the division of the slope with the enzyme concentration employed in the study (33.3 nM) . Hence, the rate at which ATTT dissociates from the enzyme (k off ) was readily determined from the relationship of K I ϭk off /k on , as 1.35 s
Ϫ1
. The obtained kinetic parameters, which appear in Scheme 1, were listed in Table 1 . In summary, ATTT binds slowly to the enzyme with a very small off-rate during the first steps of the kinetic pathway, a process which can be considered tight-binding. The enzymeinhibitor complex subsequently undergoes conformational changes into the inactive form of tyrosinase, in which the copper ions at the active site are chelated by ATTT.
Effects of Different L-DOPA Concentrations on the Inactivation Rate Constants by ATTT The kinetics of tyrosinase inactivation were investigated using different L-DOPA concentrations, in the presence of 12.5 mM ATTT (Fig.  3A) . As was previously seen, substrate-reaction kinetics fit to the burst equation provided a series of apparent forward inactivation rates, designated as A. The initial slope of the burst phase at each substrate concentration was determined, and was plotted against the substrate (L-DOPA) concentration (Fig. 3B) . The plots revealed a hyperbolic relationship between the substrate concentrations and the burst phase rates, indicating that increasing substrate concentrations slows the inactivation kinetics induced by ATTT. The hyperbolic fit was associated with an amplitude of 0.40 mM/s and a K 1/2 of 0.58 mM, reflecting the observed substrate binding rate and affinity in the presence of ATTT at a concentration of 12.5 mM, respectively. Thus, in the presence of 12.5 mM ATTT, L-DOPA (0.58 mM) binds to the enzyme at a rate of 1.04ϫ10 4 
19.5Ϯ4.9 7.0 (Ϯ0.5)ϫ10 As compared to the observed binding rate of L-DOPA, 1.34ϫ10
, which was derived from the previously obtained k cat and K M values (107.4 s Ϫ1 and 0.8 mM, respectively), 29) the apparent binding rate of L-DOPA was reduced in the presence of ATTT. Hence, ATTT impedes the binding of the substrate to the enzyme as a competitive inhibitor, which is targeted against copper ions, and subsequently abolishes oxidase activity through the complexing of the copper ions. Under these conditions, the apparent inactivation is limited by the rate of the second step of the kinetic pathway (Scheme 1), namely, the unimolecular conversion of the E · ATTT to E*.
Dilution of ATTT with Copper Ions Partially Restores Enzyme Activity
The kinetics inherent to the inhibition of tyrosinase by ATTT suggested that the inhibitor slowly binds and inactivates the enzyme via the chelation of the copper ions at the active site. Conformational change of the tyrosinase after ATTT binding was further investigated by the fluorescence emission spectra of inactivated tyrosinase. Changes in the fluorescence emission spectra of the tyrosinase (intrinsic protein fluorescence) after incubation with increasing concentrations of ATTT are shown in Fig. 4 . Increasing ATTT concentration caused the fluorescence emission intensity to decrease without shift of emission maximum. These results showed that the conformation of ATTT-bound inactive tyrosinase is stable and different from that of uninhibited tyrosinase.
In order to characterize the reversibility of ATTT's tyrosinase-inhibitory activity, the enzyme which had been pre-incubated with ATTT was dialyzed against dilution buffer, in either the presence or absence of Cu . As compared with the control experiment, in which the enzyme was pre-incubated with ATTT and dialyzed in the absence of copper ions, the enzyme dialyzed against dilution buffer in the presence of copper ions evidenced a partial recovery of oxidase activity by up to 70% (Fig. 5, Table 2 ). Interestingly, the reactivation of the enzyme appears to be dependent on the species of metal ions contained in the dilution buffer, as no restoration of enzyme activity was noted in conjunction with the presence of other metal ions, including magnesium, manganese, and zinc ions. These results indicate that ATTT does not participate in the irreversible formation of an enzyme-inhibitor complex at the enzyme active site, at which the copper ions are reversibly chelated with ATTT. As a sufficient amount (100 mM) of ATTT had been pre-incubated with tyrosinase prior to the initiation of the dialysis reaction, the majority of the enzyme species were present in enzyme-ATTT complexed forms. Thus, copper-chelating ATTT may bind, slowly but reversibly, to the active site via competition with the substrates for copper ions. The enzyme-ATTT complex subsequently undergoes a reversible conformational change, ultimately leading to the inactivation of oxidase activity.
ATTT Has a Strong Hypopigmentory Effect on Melanoma Cells
We then conducted a study to characterize the inhibitory effects of ATTT on the tyrosinase activity of melanocytes. The inhibitory effects of ATTT on melanogenesis in cultured melanocytes were tested and compared with other known inhibitors, including hydroquinone and kojic acid. ATTT, hydroquinone, and kojic acid evidenced dose-dependent inhibitory effect on the tyrosinase activity inherent to the cell lysates obtained from melanocytes (Fig. 6) . ATTT exhibited significant inhibitory effects at concentrations between 5 and 100 mM. Tyrosinase activity was reduced more profoundly in the cells treated with ATTT than in the cells treated with hydroquinone or kojic acid. ATTT exhibited more profound inhibitory effects on the tyrosinase present in the melanocytes than did kojic acid, a well-known The L-DOPA oxidation activity of the tyrosinase was measured as described in the text, and the increase in absorbance as the result of the oxidized L-DOPA was plotted. 1, Mushroom tyrosinase was dialyzed without ATTT treatment; 2, mushroom tyrosinase was incubated with ATTT and dialyzed in 50 mM Tris-HCl buffer (pH 7.4) with 1.0 mM CuCl 2 ; 3, mushroom tyrosinase was incubated with ATTT and dialyzed in 50 mM Tris-HCl buffer (pH 7.4) with 1.0 mM CuSO 4 ; 4, mushroom tyrosinase was incubated with ATTT and dialyzed in 50 mM Tris-HCl buffer (pH 7.4) with 0.2 mM CuSO 4 ; 5, mushroom tyrosinase was incubated with ATTT and dialyzed. whitening agent. 20, 30) In conclusion, ATTT exerts an inhibitory effect on the activity of mushroom tyrosinase as well as on the tyrosinase in melanin-generating cells.
In this study, we have demonstrated the mechanisms underlying the inhibitory effects of ATTT on mushroom tyrosinase, and have determined that this copper-chelating reagent should prove useful in the cosmetic industry, as a whitening agent. The molybdenum analogue of ATTT, ATTM has been considered as a candidate for a therapeutic agent for Wilson's disease, as well as for its demonstrated efficacy as a whitening reagent. 31) Recent studies have extended its applicability, showing that it might also prove a useful anticancer and antiangiogenesis agent. 32) Although one study points to significant differences between ATTT and ATTM, 33) the similar structures and properties of these molecules, most notably their decoppering effects, suggest that ATTT might possess other properties in common with ATTM. Further study will be required in order to elucidate clearly all such possibilities. Vol. 54, No. 9 Lysates of human primary melanocyte (20 mg/ml) were treated with increasing concentrations of inhibitors (3.9, 7.8, 15.6, 31.3, 62.5, 125, 250, 500, 1000 mM). The inhibitors shown are ATTT (circle), kojic acid (square), and hydroquinone (triangle). Effects on tyrosinase activity generated by these inhibitors are represented as relative activity (%, means)ϮS.E. from three independent tests.
